The interaction between the cationic surfactant Hexadecyltrimethylammonium bromide (CTAB) and the ionic liquid 1-butyl-3-methylimidazolium octyl sulfate (bmim-octylSO 4 ) in aqueous solution has been investigated at two total concentrations (0.5 and 10 mM) and different CTAB mole fractions ( CTAB ).
Introduction
The interaction between conventional surfactants and ionic liquids (ILs) in aqueous solution can be considered from different points of view depending on the behavior displayed by the IL. In some cases the IL acts as an aqueous cosolvent and modifying some surfactant properties such as the critical micelle concentration (cmc) with respect to the value in neat water because of the weaker solvophobic interaction between the alkyl chain of the surfactant and the IL aqueous solution [1] [2] [3] [4] [5] [6] [7] . The effect of the ionic liquid on the surfactant properties depends on the IL structure and concentration. Behera and Pandey [1, 4, 8] reported that at low concentration some ILs act similarly to an electrolyte decreasing the surfactant cmc whereas at high concentration they behave as a cosolvent increasing this parameter. In the case of the cationic surfactant hexadecyltrimethylammonium bromide (CTAB) the effect of ILs on the surfactant cmc confirms the trend above described [8] [9] [10] [11] [12] [13] . However, when IL posses surface activity as reported for long alkyl chain ionic liquids [14] [15] [16] [17] [18] [19] [20] [21] and some short alkyl chain ILs [22, 23] the ionic liquid / surfactant mixture behaves as a typical binary surfactant system [24] [25] [26] . In these binary systems the mixed micelle composition X 1 M as well as the  M interaction parameter quantifying the synergism can be obtained by applying the equations of the Regular Solution Theory [27] . Similar equations derived by Rosen [28] furnish equivalent parameters (X 1  and   ) for the mixed monolayer adsorbed at the liquid/air interface. However, for cationic / anionic surfactant systems, the anion-cation pairs formed by electrostatic attraction (catanionic surfactant) can aggregate via hydrophobic interaction leading to spontaneous vesicle formation.
From the pioneering studies by Kaler on oppositely charged single tailed surfactants [29] [30] [31] [32] [33] [34] numerous contributions have been reported on the spontaneous vesicle formation and micelle-vesicle transitions produced as a function of the surfactant ratio in the mixture [35] [36] [37] [38] [39] [40] [41] . Similar vesicle formation should be expected when a cationic surfactant is mixed with an ionic liquid displaying anionic surfactant-like behavior. In fact there are several examples of catanionic surfactants formed from ionic liquids. They can be obtained by synthesis combining the appropriate cation and anion [42] [43] [44] [45] [46] [47] or by mixing the cationic and the anionic compounds in equimolar ratio in aqueous solution [48] [49] [50] [51] .
In the latter case, in addition to the catanionic surfactant, there will be also in the aqueous solution the salt formed by the respective counterions. In the present study mixtures of the cationic surfactant, CTAB, and the ionic liquid, bminoctylSO 4 , in aqueous solution at different mole fractions will be investigated.
Therefore, moreover the catanionic surfactant, CTA-octylSO 4 , and the salt resulting from the corresponding counterions, bmim-Br, the excess of one of the components, CTAB or bmim-octylSO 4 , will be present in the aqueous solution for non equimolar mixtures.
Experimental section

Materials
Cationic surfactant hexadecyltrimethylammonium bromide (CTAB) was purchased from Sigma. Ionic liquid 1-butyl-3-methylimidazolium octylsulfate (bmim-octylSO 4 ) was purchased from Fluka. Sodium octylsulfate (octylSO 4 Na) was purchased from Fluka. These compounds were used as received. Deionized water was obtained from a Milli-Q device and filtered through a 0.22 m membrane.
Sample preparation
Binary mixtures of CTAB and bmim-octylSO 4 at different CTAB mole fractions ( CTAB ranging from 0.05 to 0.9) were prepared by mixing the appropriated volumes of bulk solutions of CTAB and bmim-octylSO 4 at two total concentrations, 0.5 mM and 10 mM. Samples were allowed to stand for a week to reach steady state.
Synthesis of salt free CTA-octylSO 4
A sample of 0.448 g of CTAB was mixed with 0.285 g of octylSO 4 Na in 25 ml of water. The reaction mixture was stirred vigorously at 60ºC for 4 hours. Then, the water was eliminated in a rotary evaporator and the dry residue dissolved in 20 mL of dichloromethane. The organic solution was transferred to a separating funnel and washed with water (4 x 10 mL). The dichloromethane phase was transferred to a round flask and the organic solvent evaporated in a rotary evaporator. A dry residue of 0.440 g of CTA-octylSO 4 was obtained.
Surface tension measurements
Surface tension measurements were performed at 25ºC by means of the Wilhelmy plate method using a Krüss K12 tensiometer. Glass containers and the platinum plate were cleaned with chromic acid solution and rinsed with deionized water. The plate was flame dried before each measurement. Surface tension was 
Spectrophotometric measurements
Absorbance at 500 nm was measured at 25 ºC using a Shimadzu UV240 Spectrophotometer.
Dynamic Light Scattering measurements
Size measurements were carried out at 25ºC using a Malvern Nano SZ instrument. The excitation source was He-Ne laser light of 632 nm. The scattering angle was 173º.
Results and discussion
Phase behavior observed in CTAB and bmim-octylSO 4 mixtures
The mixtures were prepared at 10 mM total concentration because this concentration is about 2-10 times higher than the theoretical cmc values, calculated for all the  CTAB range from the individual values reported in literature for CTAB (cmc = 0.9 mM) and bmim-octylSO 4 (cmc = 30 mM) and the corresponding  CTAB , by means of the Clint equation:
where compound 1 was CTAB and compound 2 was bmim-octylSO 4 .
Binary mixtures of CTAB and bmim-octylSO 4 at 10 mM total concentration prepared by mixing appropriate volumes of homogeneous and transparent stock solutions of each surfactant resulted to be clear and colourless only for  CTAB ≥ 0.7. They were bluish for  CTAB = 0.1 -0.3 and 0.5 -0.6 and turbid for  CTAB = 0.4, as it can be seen in Fig. 1 . 
Surface tension
The surface tension values of CTAB / bmim-octylSO 4 This fact could be understood whether 10 mM were a concentration much higher than the corresponding cac of the mixtures (as further confirmed in Section 3.3.).
In that case, a change in the structure of the aggregate can occur resulting in a lower monomer adsorption at the interface liquid/air with the corresponding increase as a consequence of the new equilibrium aggregate-monomer.
Electrical conductivity
The values of electrical conductivity as a function of the mixture composition at 0.5 mM and 10 mM total concentration are reported in Fig. 2c However, since the rest of measurements made for  CTAB ≥ 0.7 seemed to indicate that they correspond to mixed micelles the possible formation of aggregates of micelles as suggested by Kumar et al. [45] was considered. In this case, the hydrophobic interactions between individual micelles could lead to bigger aggregates. The links between the micelles can be broken by the presence of an electrolyte as NaCl [45] . In the present study a concentration of NaCl as high as 0.2 M was added to the samples to be sure that intermicellar aggregates would not be formed. The salt addition led to a single population of aggregates with micelle size (Fig. 2d) .
Critical aggregation concentration (cac) and surface active properties of the CTAB / bmim-octylSO 4 binary system
The critical aggregate concentrations (cac) at which vesicles or micelles are formed were determined from the graphs of surface tension vs logarithm of concentration. For the individual components, CTAB and bmim-octylSO 4 , these values resulted to be 0.9 and 30 mM, respectively, and agree with data reported in literature [34, 55, 56] . In Fig. 3 some plots  / log C for different  CTAB are shown, the rest of the graphs are given in Supplementary Material. A dramatic decrease of both critical aggregation concentration (cac) and surface tension at the equilibrium ( cac ) were obtained for the binary solutions in comparison with the individual components even for the lowest  CTAB investigated (0.05), indicating the strong synergism produced when CTAB and bmim-octylSO 4 are mixed. 
And applying this X 1 M value to the following equation, the interaction parameter  M for the mixed micelle can be obtained:
In our study compound 1 is CTAB, compound 2 is bmim-octylSO 4 However, interactions can not only occur in the bulk solution but also in the liquid/air interface promoting the adsorption of a mixed monolayer. Rosen [28] applied similar equations to calculate the mole fraction of component 1 in the mixed monolayer X 1  and the interaction parameter  Table 1 and Figure 4b are lower than those displayed in Figure 2b at both 0.5 mM and 10 mM concentrations for all  CTAB . As it can be seen in Table 1, very low cac values were obtained for the mixtures specially when comparing these values with the two concentrations used along this work, 0.5 and 10 mM.
This fact would allow confirm the hypothesis already mentioned in Section 3.2.2. free CTA-octylSO 4 was prepared as described in Experimental section and its surface activity studied. (Table 2) . Table 2 Surface activity parameters of pure CTA-octylSO 4 and CTA-octylSO 4 in the presence of bmim-Br at equimolar ratio. 
CTAB / bmim-octylSO 4 binary mixtures when catanionic vesicles are formed
Once the catanionic, CTA-octylSO 4 , is formed ( CTAB ≤ 0.6) has no sense to consider anymore the CTAB and bmim-octylSO 4 binary system, but the right one formed between the catanionic CTA-octylSO 4 and the excess of bmim-octylSO 4 or CTAB (except for  CTAB = 0.5). Naturally, in all these solutions the bmim-Br formed by the respective counterions is also present in the aqueous solution. Since this compound has not surface activity, only the concentration of the surfactant components should be considered to calculate the cac of the systems. These recalculated cac data are reported in Table 3 Table 3 Values of the critical aggregation concentration (cac) and synergism parameters for the binary systems of CTA-octylSO 4 and excess of bmim-octylSO 4 or CTAB, together with the cac values for the CTAB / bmim-octylSO 4 binary system.
Binary System CTAB / bmim-octylSO 4 Binary System CTA-octylSO 4 / Excess of bmim-octylSO 4 or CTAB
Binary System CTA-octylSO 4 As it can be seen in Table 3 , the recalculated cac values are lower than those initially determined. Regarding the synergism between the catanionic compound and the excess of bmim-octylSO 4 or CTAB, less negative  M and   values than those of the initial CTAB / bmim-octylSO 4 system are obtained (Table   1 ). That agrees with the lower synergism between a zwiterionic (to which the catanionic surfactant could be compared) and an ionic surfactant respect to cationic / anionic binary surfactant mixtures. On the other hand, for the binary systems of the catanionic CTA-octylSO 4 and the excess of bmim-octylSO 4 or CTAB, the X M and X  values corresponding to vesicle and monolayer compositions, respectively, are higher (Table 3 ) than those of the CTAB / bmimoctylSO 4 system ( Table 1 ), indicating that the major component in both vesicle and monolayer is the catanionic surfactant.
Conclusions
Two different states of aggregation have been characterized as a function of the binary mixture composition for the system formed by the cationic surfactant, hexadecyltrimethylammonium bromide (CTAB), and the surfactant-like ionic liquid, 1-butyl-3-methylimidazolium octyl sulfate (bmim-octyl SO 4 ), in aqueous solution.
For CTAB mole fractions,  CTAB , higher than 0.6 transparent and colourless solutions with aggregate sizes corresponding to mixed micelles have been found, whereas for  CTAB ≤ 0. 
